To obtain full Stokes spectra in multi-wavelength windows simultaneously, we developed a new spectro-polarimeter on the Domeless Solar Telescope at Hida Observatory. The new polarimeter consists of a 60 cm aperture vacuum telescope on an altazimuth mount, an image rotator, a high dispersion spectrograph, polarization modulator and analyzer composed of a continuously rotating waveplate with a retardation nearly constant around 127
Introduction
Since polarization of spectral lines is created from anisotropic physical state in the light source or in the medium through which the light propagates (Landi Degl'Innocenti & Landolfi 2004) , polarimetry makes it possible to diagnose vector physical quantities such as magnetic fields (Zeeman 1897; Hanle 1924) , electric fields (Stark 1913; Casini 2005) , radiation field and stream of particles. Diagnosis of such physical quantities and, in particular, the determination of three dimensional structure of magnetic field are of crucial importance for the next generation of solar physics (Foukal & Hinata 1991; Stenflo 2017) . However, it is difficult to distinguish the nature of anisotropies through diagnosis made by the polarimetry in a single spectral line. In addition, single-line polarimetry does not allow us to determine magnetic structures extending from solar photosphere into upper chromosphere, because the polarization in a single line is sensitive to the magnetic field in rather limited height in the solar atmosphere (Uitenbroek 2006; Quintero Noda et al. 2017 ).
Multi-line polarimetry allows us to distinguish anisotropies and to diagnose their three dimensional structures in the solar atmosphere. Socas-Navarro (2007) derived magnetic structures extending from the photosphere into the chromosphere from full Stokes profiles in chromospheric Ca II lines and photospheric Fe I lines. Furthermore, polarimetry in multiple lines with different Landé factor will help us to determine the fraction of area in which magnetic flux is embedded in a spatial resolution element (Stenflo 1973) , and it with different ratio of the Landé factor to the lifetime of the excited state of a line will help us to determine a turbulent magnetic field within a spatial resolution element (Stenflo 1982) .
A few solar spectro-polarimeters that obtain full Stokes spectra in multi spectral windows simultaneously are currently in operational in the world. Two examples are the MulTi-Raies (MTR) instrument of Téléscope Heliographique pour l'É tude du Magnetisme et des Instabilités Solaires (THEMIS) (López Ariste et al. 2000) and Spectro-Polarimeter for Infrared and Optical Regions (SPINOR) of the Dunn Solar Telescope (Socas-Navarro et al. 2006 , 2011 . The MTR and SPINOR can obtain up to 4 different spectral windows within 514 -866 nm and 525 -854 nm, respectively. SPINOR extended the wavelength range up to 1600 nm using an infrared camera that was shared with other instruments (Socas-Navarro & Elmore 2005; Socas-Navarro et al. 2006 ).
The Domeless Solar Telescope (DST) at Hida observatory, Kyoto University, is a 60 cm aperture Newton-Gregorian type telescope equipped with two Czerny-Turnar spectrographs (Nakai & Hattori 1985) . One is a vertical vacuum spectrograph (VS), which enables us to observe a single spectral region with a high dispersion, and the other is a horizontal spectrograph (HS), which enable us to make simultaneous multi-line spectrometry in as many wavelength windows as the number of cameras.
Polarimeters were developed on the VS of the DST so far. Makita et al. (1991) developed a polarization modulator and an analyzer composed of a rotatable quarter waveplate and a Wallaston prism, and they measured instrumental polarization of the DST at 630 nm. Because the optical configuration of DST is not axisymmetric and details of the coating of mirrors of the DST are not known, it is important to measure the instrumental polarization of the DST to realize accurate polarization measurement. Kiyohara et al. (2004) replaced the quarter waveplate with a waveplate whose retardation is 126.7
• at 630 nm. In addition, with plastic sheet polarizers attached to the entrance window of the DST, they measured instrumental cross-talks among Stokes Q, U , and V in 630 nm, and modeled the instrumental polarization with Mueller matrices of a two-oblique-mirror system. On the other hand, Hanaoka (2009) developed a ferroelectric liquid crystal polarization modulator, and calibrated the instrumental polarization of the DST in 590 nm, 630 nm, and 656 nm. Finally, Anan et al. (2012) equipped the polarimeter (Kiyohara et al. 2004 ) with a Super-Achromatic True Zero-Order
Waveplates (APSAW, manufactured by Astropribor Co.), and calibrated the instrumental polarization in a range of the wavelength from 400 nm to 1100 nm.
In order to accurately determine the magnetic field and other physical quantities, and their structures in the solar atmosphere, we developed a system on the HS of the DST that enables us to observe full Stokes spectra in multi-wavelength windows simultaneously within wide wavelength range covering from 500 nm to 1100 nm. Here, an axis which rotates 45
• from positive Q in counterclockwise looking at the source is defined as positive U, and the right circular polarization, when an electric vector rotates clockwise looking at the source, is defined as positive V . Our counting system for the matrix coordinates start at 0. In this paper, we present an overview of the new polarimeter (section 2), a spectro-polarimeter for measurement of Mueller matrix of optical components (section 3), a polarization modulator and an analyzer (section 4), polarization calibration of the new system (section 5), examples of the observation (section 6), and summary (section 7).
2 Overview of the polarimeter Figure 1 displays the overview of the optical system of the polarimeter. It consists of the DST, an image rotator, a continuously rotating wave plate, a polarizing beam splitter, a high dispersion spectrograph, fast and large format CMOS cameras and an infrared camera. Fig. 1 . Schematic of the polarimeter. Black solid arrows indicate the ray path, and gray lines are trigger cables. In fact, the horizontal spectrograph has six camera mirrors. Polarization generator and analyzer are used for component calibration.
The DST is a 60 cm aperture Newton-Gregorian type telescope mounted on a tower of 22 m above ground level. The DST on alt-azimuth mount tracks the sun by rotating around a horizontal elevation axis and a vertical azimuthal axis. The primary and the secondary mirrors form a 30 cm solar image at the slit of the spectrograph in observation rooms at the ground level with a composite focal length of 3219 cm. The optical path between the entrance and the exit windows is evacuated down to 2 mm Hg. The DST produces a non-negligible instrumental polarization through oblique reflections (incidence angle of 45 • ) at the Newton and Coude mirrors. The polarization property of the DST is well-described by the Mueller matrix as a function of extinction ratios and retardations of these two mirrors, and rotations about the elevation and the azimuthal axes (Makita et al. 1991) .
From the DST, light goes to the slit of the HS through the image rotator, which has a rotor with three flat mirrors (section 5.3). The polarization modulator of the new polarimeter is a continuously rotating waveplate whose retardation is nearly constant around 127
• in 500 -1100 nm, and the polarization analyzer is a polarizing beam splitter (PBS) whose diattenuation is sufficiently high in 500 -1100 nm (section 4 & 5.2). They have been located closely behind the slit. In the HS, a grating, which is selectable from three gratings installed in a turret, diffracts the light on six camera mirrors with a focal length of 10 m. The groove density and the blaze angles of the three gratings are 1200, 1200, 600 grooves/mm, and 17
• 27', 26
• 45', 48
• 55', respectively. Their sizes of the ruled area are 15.4 × 20.6 cm 2 . Each camera mirror forms a spectrum on a corresponding camera port whose length in the dispersion direction is 70 cm. Thus, we are able to obtain spectra in as many wavelength windows as the number of cameras at the same time in wide spectral ranges covered by the six camera ports.
Fast and large format CMOS cameras (ORCA-Flash4.0, manufactured by HAMAMATSU Photonics K. K.) and an infrared camera (XEVA640, manufactured by Xenics Co.) are hung on rails of the camera ports. An origin sensor on the rotating waveplate produces a trigger signal for cameras to start a sequence of exposures with a timing accuracy of better than 1 msec. They obtain simultaneous images of both orthogonal linear polarization states from the PBS.
Device for component calibration
The Mueller Matrix Spectro-Polarimeter (MMSP) is a photopolarimetric system developed to measure the Mueller matrix of optical elements in a manner of Ichimoto et al. (2006) . It is a system containing dual rotating waveplates. Polarization is created and analyzed by the combination of a linear polarizer and a rotating waveplate, then the Mueller matrix of an optical element placed in between the two rotating waveplates can be determined.
In the polarization generator (figure 2), a parallel ray of light created by a collimator and a Tungsten Halogen light source (Ocean Optics, Inc.) is reflected by a polarizing beam splitter so that linearly polarized light is fed to the rotating waveplate. The light source provides a continuum spectrum and the polarizing beam splitter has an extinction ratio higher than 300 in a wavelenegth range of 400 -1100 nm. The angular resolution of the rotating wave plate is 0.02
• . The unit is mounted between the exit window of the DST and the 90
• folding mirror when the calibration of the imaging rotator and the folding mirror is performed, while the polarization analyzer unit is placed at the exit of the image rotator. The waveplates of the polarization generator and analyzer rotate stepwise by 4.5
• and 22.5
• , respectively, and spectra covering 400 -1100 nm are taken at 80 positions in rotation angles of the waveplates to obtain the Mueller matrix. s. An origin sensor (EE-SPX742, manufactured by OMRON Co.) produces a trigger signal for the camera to start a sequence of exposures.
We used the PBS manufactured by SIGMA KOKI Co., Ltd. as the polarization analyzer.
A dielectric multilayer coating on a diagonal surface inside the PBS splits the incident light into orthogonal linear polarizations with a extinction ratio of 1:300 or higher in the wavelength range covering from 500 nm to 1100 nm. Figure 4 shows the PBS unit, which consists of the PBS and four cube prisms. Entrance and exit surfaces have anti-reflection coating to decrease internal reflection.
Optical path lengths of both rays are equal (Collados et al. 2007 ), but there are observed small deflections of the existing beams due to a manufacturing error. We applied additional wedge plates at the exit of two beams to reduce the angular deviations. 
where δ ′ and δ ′′ are the retardations of the cubes before and after the dielectric multilayer coating, respectively.
The measured intensity of spectrum, I obs ± , in the orthogonal polarizations can be written with the following forms.
where ± indicate each light of dual orthogonal beams, (I in ,Q in ,U in ,V in ) are the Stokes vector of the incident light on the polarization modulator, θ i is a rotation angle of the waveplate at the ith exposure start time, R ± is transmittance of the spectrograph for each light, γ is the exposure time, T is the rotation period of the waveplate, δ is the retardation of the waveplate, and α is the angle between the fast axis of the waveplate and a direction of the PBS when the first exposure is triggered. It is noted that the δ ′′ does not affect the modulation of the intensity. Hereafter, we define the direction of one of the linear polarization of the PBS that tilts 45
• from the spectrograph slit as the positive Q in on the focal plane of the DST.
The orthogonal-polarization spectra are taken simultaneously and sequentially by each camera, while the waveplate rotates continuously. We derive Stokes I in from the measurements as
In addition, the Stokes Q in , U in , and V in are calculated , respectively, from amplitudes of cos 4θ ′ , sin 4θ ′ , and sin 2θ
Determinations of the δ, δ ′ , α, and R + /R − are written in section 5.2. Although we are not able to determine the R + , it cancels out in reductions of the full Stokes parameters normalized by the Stokes I . Irregularities or dusts on the surface of the waveplate produce spurious intensity modulation on the camera, but they do not cause a significant error in polarization measurement because the modulation frequency (once/rotation) is different from those from the Stokes Q, U , and V and the dual beam measurement cancels such in-phase modulations in two channels.
Polarization calibration

Requirements for polarimetry
To define the requirements on the accuracy of the polarization calibration, we take the approach described by Ichimoto et al. (2008) . Errors on measured Stokes parameter S ( = Q, U , and V ) can be expressed by
where ∆ s is the polarimetric accuracy (scale error), and ∆ b is the polarimetric sensitivity (bias error).
The error in the polarization calibration can be described as
where X is the true polarimeter response matrix (Elmore 1990 ), X r is that used in data reduction, and E is the identity matrix. We require that the ∆ s and ∆ b are smaller than a chosen a scale error a and ǫ (photometric noise), respectively, then absolute values of X −1
r X − E elements should be smaller than those of a tolerance matrix as
where P L and P C are expected maximum linear and circular polarization degrees in solar spectra, respectively.
The parameters for chromospheric measurements are different from those of the photospheric measurements. We adopt ǫ = 0.001, a = 0.05, P L = 0.15, and P C = 0.20 for the photospheric mea- 
Since the elements of the tolerance matrix of the polarimetry can be minimum of those for both cases, the matrix becomes 
We derived tolerances for physical properties of the instrument using equation (6). For example, the tolerance of the waveplate angle is determined as the angle error induced in X r at which one of the matrix elements violate the equation (6). In this case, the matrix element representing the cross-talk between Stokes Q and U limits the error to be 0.3 • .
Polarization modulator and analyzer
To determine the α, δ, δ ′ , and R + /R − , we induced linear polarization oriented to positive Q in with a polarization degree of p into the polarization modulator. The modulation equation (equation 2) is reduced to
We derived α from the phase of the measured intensity modulation. We also determine the δ, δ ′ , and R + /R − from the following expressions
where, C ± is constant given by 1 2 Because the α may have temperature dependences, we need to measure the α before and after the solar observation.
Image rotator
Compared to the imaging system of the VS, whose polarization character was well modeled with a
Mueller matrix (Anan et al. 2012) , the polarimeter on the HS has additional optics, i.e., a 90
• folding mirror and the image rotator. In this section, we present the Mueller matrices measured with the MMSP system of these two components.
The image rotator consists of three aluminized mirrors with a protection coating on them. We 
where R(θ) is the rotation matrix in the Q-U plane:
We measured the Mueller matrix of the image rotator every 2 • sampling from −60
• to 150
• . R(−0.5
. We discuss validity of this method in section 5.4.2.
The 90
• folding mirror has silver and protection coating on it and its Mueller matrix, M 90M , was also measured by MMSP (figure 7 b). Note that we also have small (1, 2) and (2, 1) components due to the difference between reflectivity of +Q and −Q. A wavelength-dependent retardation is observed but it is much smaller than that of the image rotator as shown in the four right bottom elements.
The (2, 3) and (3, 2) components show a slight deviation from 0 provably due to a misalignment of the optical setup. We redetermine the M 90M in the procedure of the calibration of the entire system.
Entire system
Model
Mueller matrices of the DST for the spectropolarimeter on VS were presented by Makita et al. (1991) , Kiyohara et al. (2004) , Hanaoka (2009), and Anan et al. (2012) . Here, we present a Mueller matrix, M H , expressing the propagation of the polarization from the entrance of the telescope to the slit of the HS, where the polarization modulator is located closely behind.
We employed the Mueller matrix, T DST , which expresses transformation of the polarization from the DST entrance to the exit window in Anan et al. (2012) . In the T DST , unknown parameters are diattenuations of the Newton mirror, p N , and of the Coude mirror, p C , retardations of the Newton mirror, τ N , and of the Coude mirror, τ C , and unpolarized stray light, s, while known parameters are the hour angle, θ HA , and the zenith distance, θ ZD , of the sun. Direction of positive Q of the incident light is defined as the east-west direction of the celestial sphere.
The Mueller matrix of the DST for the polarimetric observation using the HS, M H , can be written as
where θ ref and θ M are angles that the axis of the polarization analyzer of the MMSP in the measurement of the image rotator forms with the axis of the polarimeter, and with a line perpendicular to incident plane of the 90
• folding mirror, respectively, and they are treated as unknown parameters in the Mueller matrix model. θ AZ is the azimuth angle of the sun. Finally, unknown parameters of
, and the M 90M , while the M IR (θ IR ) is evaluated from the measured value as described in section 5.3.
Results
We took the polarization calibration data by pointing the DST equipped with a remotely controllable turret accommodating linear polarizers to quiet region at the solar disk center.The turret enables us to induce unpolarized light or linear polarizations in different orientations from the entrance window (Anan et al. 2012) . Figure 9 shows products of the polarimeter ( parameters.
We estimated an accuracy of the polarization model in reproducing the observed Stokes parameters and the polarimetric sensitivity of our polarimetry from the obtained Stokes parameters and the fitting. Figure 10 shows X r −1 X ′ − E in 589 nm, 849 nm, and 1083 nm as a function of hour angle of the sun on December 2nd, 2016, where X r and X ′ are the polarimeter response matrices inferred from the polarization model and derived from the observed Stokes parameters, respectively.
The accuracy and sensitivity evaluated from equation (6) Figure 10 tells us that for some elements of the polarimeter response matrix, our polarization model does not allow us to provide a sufficiently accurate value, especially for the first column and off-diagonal elements of the second and third column. The cross-talk from Stokes I to Q, U , and V (the first column) can be corrected by using spurious polarization in the continuum in observational data, because its polarization degree is less than 10 −6 (Stenflo 2005) on the solar disk not very close to the limb. For correcting the remaining cross-talk between the linearly and circularly polarized states, we will estimate them from Stokes spectral profiles of photospheric lines that have sufficiently strong
Zeeman signature by assuming that the Stokes Q and U profiles are statistically symmetric, and the Stokes V profiles are statistically anti-symmetric in sunspots. We determine the cross-talk elements and remove them by using the technique proposed by Kuhn et al. (1994) . Finally, after applying all these corrections, the polarimetric error from cross-talk among Stokes parameters is suppressed below the level of random noise of the detectors except the cross-talk between Q and U that could be about < ∼ 8% or < ∼ 2.3
• in the angle of the transversal component of magnetic field.
6 Observation of an active region Slow rate of polarization modulation is an issue of our system. However, 0.1 Hz (10 sec) is about 3 orders of magnitude slower than typical time scale of seeing, so even 10 times higher spin rate will not improve the situation much. We rather intend to collect sufficient number of photons in a single exposure and suppress the accumulation of the readout noise. Cross-talks caused by the seeing will be calibrated in post-processing using the unpolarized continuum and Stokes profiles of Zeeman sensitive photospheric lines in observation data. Figure 11 shows full Stokes spectra in the Na I 589 nm, Ca II 849 nm, and He I 1083 nm composed from 100 frames of spectral images taken in 20 sec.
The slit width is 0.2 mm corresponding to 1.28 arcsec on the solar image. Spatial samplings along the slit in 589 nm, 849 nm, and 1083 nm are respectively 0.6 arcsec pixel −1 , 0.6 arcsec pixel −1 , and 0.5 arcsec pixel −1 , and spectral samplings are respectively 4.7 pm pixel −1 , 3.6 pm pixel −1 and 4.7 pm pixel −1 .
Noise-to-signal ratios of the data are estimated as the standard deviations of the Stokes V /I in continuum in a spatial-spectral region indicated by the squares in the figure 11 , where we avoided interference fringes in the selection of the region. The results are shown in figure 12 as a function of the integration time. The ratios decrease with the integration time, and reach below 3 × 10 −4 in 10 sec for 589 nm and 1083 nm, and 60 sec for 849 nm. Because the slope of the function in 849 nm is nearly equal to −0.5, the photon noise is the dominant source of the noise in 849 nm. With the same reasoning, the photon noise is the dominant source of the noise also in 589 nm up to the noise-to-signal ratio of 0.01 %. On the other hand, the slope of the function of 589 nm below the noise-to-signal ratio of 0.01 % and that of 1083 nm are softer than −0.5, indicating that the dominant source of error may arise from some other systematic effect.
Summary
Multi-lines spectro-polarimetry allows us to diagnose structures of magnetic field vectors along the line of sight, or develop new diagnoses of other vector physical quantities in the solar atmosphere, for examples, electric fields, radiation field and particle stream. We developed a new spectropolarimeter on the HS of the DST at Hida Observatory. The system enables us to obtain full Stokes spectra in multi-wavelength windows simultaneously in a range of wavelength covering from 500 nm to 1100 nm. The cross-talk among the Stokes Q, U and V after the calibration of the instrumental polarization based on the Mueller matrix model is of the order of 6%; for example, 5% Stokes V signal could produce a cross-talk signal of 0.3% in Stokes Q. With further post-processing calibration using the unpolarized continuum and Stokes profiles of Zeeman sensitive photospheric lines in observational data, we aim to achieve a sensitivity of 3 × 10 −4 in 20 -60 sec .
